analysis; ability to isolate CTMs; reliability. Therefore, morphological-analysis-based and antigen-independent ISET methodology can yield more accurate and objective characterization of epithelial-mesenchymal transition. We can evaluate efficacy of chemotherapy and radiotherapy and other cancer-targeting therapies by using xenografts that are suitable models for mechanistic studies of ISET-isolated CTC/CTM biology. In addition, a new ISET-based device could be designed to increase sensitivity to CTCs/CTMs greatly and reduce the number of CTCs/CTMs directly during the blood flow, thus decreasing the possibility of tumor recurrence and metastasis while retaining normal blood cells. This article reviews recent advances and prospects in ISET methodology and provides new insights into ISET methodology, with important implications for the clinical management of cancer patients.
Introduction
According to WHO 2008 statistics, cancer is the main cause of death in developed countries and the second main cause of death in developing countries (1) . Although cancer is increasingly diagnosed and treated in the early phase,
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most cases still appear at the point of occult or overt distant metastasis (2) . Metastatic dissemination of malignant tumors cells is the most important cause of cancer fatality. Distant metastasis occurs through three pathways: (i) dissemination via hematogenous vessels; (ii) dissemination via lymphatic vessels; and (iii) direct extension (3) . Although lymphatic spread of malignant tumors cells is routinely observed in human tumors and represents an important prognostic marker for disease progression, dissemination via the hematogenous vessels appears to represent the major pathway by which metastatic carcinoma cells disperse (4) . Substantial challenges exist in isolating and identifying circulating tumor cells (CTCs) and circulating tumor microemboli (CTMs) among hundreds of millions of leukocytes in the bloodstream. CTCs are extremely rare in the bloodstream -approximately one tumor cell per 10 6 -10 7 leukocytes (5, 6) . Current technologies to identify and characterize CTCs/CTMs can be classified into tumor-marker-dependent and -independent technology. Isolation by size of epithelial tumor cells (ISET) is a tumormarker-independent technology, first described by Vona et al. (7) in 2000. Use of ISET methodology for detection and identification of CTCs/CTMs is more reliable than other technologies, and requires no expensive or special laboratory equipment. Research on ISET methodology, while relatively new, has shown significant potential to unleash the promise of cancer diagnosis and treatment. However, ISET methodology has not attracted sufficient attention from researchers, who have tended to underestimate its value. As a result, research of ISET has made little evident progress since the last decade. The following review introduces recent advances in ISET methodology and discusses its future development.
ISET Methodology

Basic Principle of ISET
ISET methodology is a direct method for CTC/CTM identification, in which CTCs are isolated by filtration without use of tumor-associated markers, as a result of their large size relative to circulating blood leukocytes, and necessitates a module of filtration and a polycarbonate track-etch-type membrane with calibrated 8-μm-diameter cylindrical pores. ISET uses the following steps: (i) peripheral blood collection and processing ( Figure 1A 
Routine First and Second Step of ISET
Peripheral blood from patients is collected in buffered ethylene diamine tetraacetic acid (EDTA) and passed through a series of processes (i.e., dilution, fixation) before blood filtration. Blood samples are filtered by attaching the module to the ISET device (Metagenex, Paris, France) and applying gentle aspiration under vacuum (created by a vacuum pump). After filtration, membranes are washed once by aspiration with phosphate-buffered saline, disassembled from the filtration module, allowed to air dry, and stored at 2208C until staining (7) . A key to the first and second step is maintaining peripheral blood anticoagulation to avoid clogging the membrane. Collection of patients' blood samples should avoid contamination with normal epidermal cells when the skin is pierced by the needle. To avoid this contamination, the first several milliliters of peripheral blood drawn are usually discarded. The ISET technique is based on the fact that most peripheral blood cells, including leukocytes and erythrocytes, are smaller than CTCs, with a mean diameter of 8-11 μm, while the mean diameter of CTCs ranges from 29.8 to 33.9 μm (8), and therefore can be filtered through a polycarbonate membrane with 8-μm calibrated pores. Zabaglo et al., testing recovery of breast cancer cells on polycarbonate membrane with different calibrated pores ranging from 8 to 14 μm, have found that membranes with 8-μm pores are best, retaining 85-100% of tumor cells but 0.1% of common blood cells (9) .
Critical Third Step of ISET
In the final step, the large CTCs/CTMs on the membrane can easily be stained cytologically [e.g. May-Grunwald Giemsa (MGG), hematoxylin and eosin (H&E), and Papanicolaou stain], counted, and characterized. The cytopathological analysis of CTCs/CTMs is performed rapidly and easily because the morphology of CTCs isolated on the membranes is not damaged (7, 10) . A small portion of common blood cells, the rare circulating endothelial cells (CECs; reported size .10 μm (11)) and normal epidermal cells are also retained on the membrane. Cytopathological analyses of CTCs need unified criteria to distinguish between malignant and benign cells. Although currently reported criteria vary, they all identify CTCs on the membrane using the classical cytopathological criteria of malignancy already used in exfoliative and in fine-needle aspiration cytology, including: (i) large amount of cytoplasm; (ii) irregularity of the nuclear membrane; (iii) size of the nucleus (12-24 μm); (iv) anisonucleosis; (v) high nuclear/cytoplasmic ratio; (vi) presence of 3D sheets of cells; and (vii) presence of groups of adherent tumor cells (7, 12, 13) . The CECs are regular-shaped, with round or oval nuclei, low nuclear/cytoplasmic ratio, and paler-stained nuclei compared with CTCs/CTMs, while normal epidermal cells are polygonal with abundant cytoplasm and small round pyknotic nuclei (14) . Because of specific features of the former two types of cells, it is easy to distinguish CECs and normal epidermal cells from epithelial tumor cells by cytopathological analysis on the membrane. The few leukocytes retained in the pore lumen of the membrane are easy to identify because of their smaller size and nuclear morphology. Cytopathological analysis of cells can be performed according to the different features of cells on the membrane. Hofman et al. examined 808 blood samples from patients with benign and malignant diseases, and healthy volunteers to differentiate CTCs/CTMs by the ISET method (13) . They defined cells on the membrane having nonhematological features as circulating nonhematological cells (CNHCs), which were stained using a modified MGG method, and photographed. The 1025 photographs were digitized and reviewed independently by 10 cytopathologists without knowledge of the patients' data. These cytopathologists classified CNHCs into CNHCs-MF (with malignant features, representing "true" CTCs/CTMs), CNHCs-UMF (with uncertain malignant features), and CNHCs-BF (with benign features) based on the above criteria of malignant tumor cells. It must be admitted that Hofman's identification and classification criteria are more accurate and reliable than other current schemes, because they examined 808 blood samples from patients -a larger cohort than in other studies -and 10 cytopathologists, blinded to patients' data, performed objective analyses. However, their results showed a false-positive rate of 5.3%, and CNHC-UMF rate of 4.9% of patients with malignant tumors, 2.6% of those with nonmalignant tumors (13) . Moreover, the presence and number of CNHCs were not related to long-term prognosis and patient outcome in Hofman's research.
Furthermore, molecular analysis including immunolabeling, RNA/DNA analysis, and fluorescence in situ hybridization (FISH) can easily be performed to characterize their malignant nature and invasive potential. Immunological characterization should be used to improve CTC/CTM detection on the membrane. Leukocytes were identified by the presence of the leukocyte common antigen, CD45 (15, 16) , using immunohistochemistry and immunofluorescence. CECs can also be identified on the membrane by immunocytology using vascular endothelium cadherin antigen (VE-cadherin) (14, 17, 18) . It is difficult to differentiate epithelial tumor cells and normal epidermal cells by immunocytological analysis because of a lack of specific markers. The multiple markers can also be used to characterize CTCs/CTMs on the membrane, such as E-cadherin, epithelial cell adhesion molecule (EpCAM), cytokeratins (CKs), vimentin, and neural cadherin. However epithelial and mesenchymal markers are heterogeneously expressed in CTCs/CTMs (19, 20) , due to the epithelialmesenchymal transition (EMT) process in some CTC subpopulations with stem-cell-like properties. Therefore, ISETisolated CTCs/CTMs were identified for immunological characterization only as a supplement. Morphological analysis can be used as a reference diagnostic method and gold (21) . They found -catenin mutations in only three of 60 CTCs, indicating that -catenin mutation does not play an important initial role in tumor cell invasion. Pinzani et al. also extracted DNA from CK broad-spectrum monoclonal-antibody-immunostained cells recovered by laser microdissection from patients with breast cancer; they then measured HER-2 amplification by real-time PCR (22) . They detected HER-2 amplification in CTCs of breast cancer patients rather than in tumor cell lines, and found good correspondence between results obtained from microdissected CTCs and those obtained using DNA extracted from the primary tumor.
Reportedly, genome analysis techniques, such as FISH, also can be used in chromosomal analyses on CTCs isolated by ISET (7), but there have been only a few studies using FISH on CTCs isolated by ISET, because FISH probes generally do not label all the target cells (10) . Cytogenetic studies of CTCs that use FISH are feasible in spite of these limitations.
Comparison of RT-PCR, CellSearch and ISET
Current technologies to identify and characterize CTCs/CTMs can be classified into tumor-marker-dependent and -independent technology. There are two tumor-marker-dependent methods: immunocytology/cytometry-and PCR-based. The former methods utilize monoclonal or polyclonal antibodies against either tumor-associated antigens (positive selection) or the common blood cells antigen CD45 (negative selection) for the isolation of CTCs, and include the CellSearch™ system (23-25), CTC-chip (26) (27) (28) (29) (30) , EPithelial ImmunoSPOT (EPISPOT) (31) (32) (33) (34) (35) , MAINTRAC™ (36, 37) , and Collagen Adhesion Matrix (CAM) assay (38) . For the CellSearch™ system, CTCs are defined as positive for EpCAM epithelial-lineage marker and pan-CK and negative for CD45 panleukocyte antigen (EpCAM 1 /CK 1 /CD45 2 events). The principles of the other immunocytology/ cytometry-based methods are similar. Immunocytology/ cytometry-based methods need to maintain the integrity of the cell membrane; otherwise it cannot get a positive result. The PCR-based assays rely on the detection of known gene mutations, amplifications or methylation patterns in the CTCs. They target tumor-associated DNA (cell-free DNA) or cDNA (mRNA) markers (i.e. cytokeratin 19 fragment antigen 21-1, carbohydrate antigen 125, CK20, or prostate-specific antigen mRNA) for molecular CTC detection (39) (40) (41) . Cell integrity is destroyed during total RNA extraction, therefore, the CTCs cannot be morphologically identified and isolated for further analyses. In EMT states, CTC detection rate is underestimated by both immunocytology/cytometry-and PCR-based methods. The markers used are tissue-or cell-specific rather than tumor-specific, therefore, epithelium-specific markers are often used by these two methods to detect CTCs.
Although the PCR-based molecular method is the most widely used technology for CTC/CTM detection in the bloodstream, it misses some EMT-induced CTCs, leading to false-negative results, as with the aforementioned tumor-marker-dependent technology methods. Vona et al. have compared sensitivity between ISET and RT-PCR (7). Cultured tumor cells mixed with 1 ml of peripheral blood were analyzed by ISET or RT-PCR. ISET was able to detect one single tumor cell in 1 ml of peripheral blood, and similar results have been found in several previous studies (7, 9, 22, 42, 43) . In contrast, RT-PCR could not detect a single cell when diluted in 1 ml of peripheral blood (7, 22) ; several studies have reported that RT-PCR has similar sensitivity to ISET (22, 42) . Choosing different epithelium-or organ-specific mRNA markers might cause different sensitivity in RT-PCR analysis. Moreover, as there is no specific mRNA marker for some cancers (e.g. human ovarian cancer), the sensitivity threshold of RT-PCR appears to be limited. Pinzani et al. have performed sensitivity tests of RT-PCR and found that samples containing one tumor cell per milliliter of blood corresponded to 0.1 tumor cell equivalents per microgram of total RNA (22) ; each blood sample needed enough total RNA extracted from enough CTCs to avoid false-negative results. Tissue-or cell-type specific mRNAs are used by the RT-PCR method to differentiate between nontumorous and tumorous cells in blood samples (44, 45) , because none of the mRNAs are tumor specific. In most studies, RT-PCR specificity is based on the hypothesis that normal tissue cells, unlike tumor cells, either do not enter circulation, or apoptose quickly in circulation. As cell integrity is destroyed during total RNA extraction, so circulating benign cells can lead to false-positive results, because cell morphology and phenotype cannot be analyzed. Reportedly, benign nevus cells may circulate for long periods, which could result in false-positive RT-PCR results (46) . RT-PCR analysis cannot reliably distinguish between benign nevus cells and melanoma cells, because it detects tyrosinase mRNA or other melanocytic markers as specific molecular markers for circulating melanoma cells (47, 48 identified in peripheral blood by ISET for the first time (46) . Normal epidermal cells also can contribute to a high falsepositive rate in the RT-PCR method (49, 50) , because they can be picked up by needles and flushed into syringes by the blood. RT-PCR analysis also cannot differentiate between normal epidermal cells and epithelial tumor cells, because it usually detects epithelium-specific mRNA for CTCs (51, 52) . ISET can distinguish normal epidermal cells from epithelial tumor cells by their specific morphology. In addition, one of the major drawbacks of the RT-PCR method is low RNA stability. Therefore, blood sample preparation and storage, including RNA extraction, must be performed under circumstances that avoid RNA degradation (53) . In contrast, ISET can allow storage of membrane at 2208C for later analysis after a long period.
The CellSearch™ system (Veridex, LLC, Raritan, NJ, USA) is a semiautomated enrichment and immunostaining device that has been approved by the US Food and Drug Administration for prognostication in metastatic colorectal, prostate and breast carcinomas (54) (55) (56) . CTCs were defined by the CellSearch system as those coexpressing EpCAM and CKs (including 8, 18, and 19) without expressing leukocyte common antigen CD45, and positive for 4,6-diamidino-2-phenylindole (DAPI) with a nucleus inside the cytoplasm and cell size 4 μm (56). It must be emphasized that CTC detection by the CellSearch system does not rely on any true morphological criteria, but rather on the magnitude of antibody fluorescent signal for CK, DAPI, and CD45. The CellSearch system is an epithelium-associated marker-dependent method, therefore, it faces technical problems similar to the PCR-based molecular method; its inability to identify EMTinduced CTCs can give false-negative results. In several studies, the ISET method and CellSearch system have been compared in CTC detection in parallel, using blood samples. Krebs et al. (14) in 2012 reported that CTCs were detected using an ISET method in 80% (32/40) of patients compared with only 23% (9/40) using the CellSearch system. Farace et al. (57) in 2011 showed that CTCs were detected using the ISET method in 95% (57/60) of patients but in only 70% (42/60) using the CellSearch system. Hofman et al. (43) in 2011 demonstrated that CTCs were detected in 50% (104/210) and 39% (82/210) of patients using ISET and CellSearch systems, respectively. Khoja et al. (20) in 2012 found that ISET detected CTCs in more patients than the CellSearch system did (93 vs. 40%). Overall, more CTCs were detected by ISET than by the CellSearch system, for two reasons: (i) the CellSearch system may miss cells if they have undergone EMT (i.e., lack expression of CK and/or EpCAM), whereas ISET can be much more efficient in isolating all rare cells of interest undergoing EMT including epithelial-marker-negative tumor cells (i.e., those expressing only vimentin); and (ii) the CellSearch system cannot isolate CTMs from metastatic cancer patients, whereas ISET can (14, 19) . Magnetic beads, coated with EpCAM-specific antibodies, may have insufficient capacity to enrich for larger or heavier CTMs, and/or because CTMs insufficiently express EpCAM for immunomagnetic isolation and/or CKs for identification (14, 19) . Therefore, the detection of blood samples that only have CTMs will be underestimated by the CellSearch systems that use epithelial-marker-positive selection. However, the CellSearch system may overestimate CTCs in peripheral blood samples if they are contaminated with normal epidermal cells and a subpopulation of circulating monocytes can be transdifferentiated into keratinocyte-like cells and express CK (58) . In addition, the CTC detection efficiency varies in all relevant studies, whether by ISET or by CellSearch system. These discrepancies depend on primary tumor type. One of the main advantages of the CellSearch system is that it has the capacity to detect smaller CTCs than does ISET, because the size range of cells detected by the CellSearch system is 4-18 μm and by ISET it is 8-30 μm (14), so the CellSearch system does not miss rare cells 8 μm in size.
CTC/CTM detection technology should combine high sensitivity with high specificity. RT-PCR and the CellSearch systems have low sensitivity and specificity compared to ISET, primarily because rare tumor cells of interest cannot be morphologically isolated and identified for further analyses by the former two systems. Use of ISET for detection and identification of CTCs is more reliable than RT-PCR and the CellSearch systems, and requires no expensive or special laboratory equipment. However, ISET is not sufficiently standardized in its current form to be routinely applicable in clinical practice.
Applications of ISET
Applications in Scientific Research
It has being increasingly reported that EMT plays a predominant role in the process of tumor cell invasion and metastasis (59) (60) (61) . Reportedly, some subpopulations of epithelial tumor cells undergo EMT -for example, downregulating and/or negative expression of EpCAM and/or CK, and new expression of mesenchymal vimentin (62-64) -and reexpress their epithelial properties through a mesenchymalto-epithelial transition on arrival at their target organs (65) . These specific CTCs may have stem-cell-like properties (65) . EMT is a complex process especially involved in carcinogenesis and is considered a prerequisite to tumor infiltration and metastasis (66) . During EMT, some subpopulations of epithelial tumor cells lose their epithelial properties and acquire mesenchymal phenotypes, such as loss of cell-cell contact; increased motility and invasiveness; disinclination to apoptose; and changes in cellular morphology (67) . However, although EMT is an important mechanism in increasing tumor invasive potential, there is little direct data on EMT in (68) , supporting the hypothesis that EMT increases tumor invasive and metastasizing potential; however, these results have come from only from a small number of patients and did not correlate the presence of EMT-induced CTCs/CTMs with long-term prognosis and patient outcome.
Matthew et al. have examined proliferation status in CTCs/
CTMs by testing immunohistochemically for Ki-67 on the membrane (14) . Ki-67 is present at all active phases of the cell cycle, but is absent from resting cells, and is an excellent marker for proliferating cells (69) . They found that all cells within CTMs had no expression of Ki-67, whereas most single CTCs did express Ki-67, and that CTM cells might stay in G 0 -G 1 phases and remain dormant without proliferating, to resist chemotherapy and immunological assault, while retaining the ability to metastasize upon reactivation (34) , which suggests that CTM cells can reverse quiescence -a feature of tumor stem cells. It is highly probable that tumor stem cells share many properties with dormant tumor CTM cells (70, 71) .
Hou et al. have identified apoptotic cells by characteristic fragmented and condensed DAPI-stained nuclear morphology, and found that apoptotic nuclei were absent from the CTMs but were present within a subpopulation of CTCs, suggesting a survival advantage (19) , in which cells within CTMs might evade anoikis in aggregates via collective migration, and are protected from immunological assault by lymphocytes and natural killer cells. CTMs obviously carry a higher metastatic potential than single CTCs. They also carry more markers and can be reliably counted without damage, using ISET. ISET, unlike other CTC/CTM detection technologies, allows multiparameter immunostaining. This is a huge and unique advantage of ISET.
Applications in Clinical Practice in Cancer Patients
Significant correlations have been reported between presence and number of CTCs/CTMs detected by size and clinical relevance in various tumor types, suggesting that ISET-based CTC/CTM detection would be of use in cancer prognosis. EMT-associated markers are reported to be heterogeneously expressed in ISET-isolated CTCs/CTMs in cancer patients. Here, we briefly review current published studies on common solid tumors.
Patient cohort size and detection rates have varied between these studies (Table I ). The most commonly used method for CTC/CTM detection in these studies was cytomorphological diagnosis using modified MGG staining (12, 13, 43, 72) . Nucleus and cytoplasm are more clearly analyzed by MGG staining than with H&E staining (42, 48) . Another method for CTC/CTM detection uses antibodies against CK (i.e., pan-CK or KL1) on the ISET membrane (9, 22) ; however, immunocytochemical analysis tends to miss some EMTinduced CTCs, leading to false-negative results, which suggests that cytomorphological diagnosis via MGG staining is the better method. However, despite its diagnostic superiority, it would be even better to confirm these morphological criteria by immunological characterization, including immunohistochemistry and immunofluorescence. In these studies, the range of prevalence of CTCs/CTMs in malignant tumors is 26-100% (Table I ). In chronic disease controls the detection rate is close to 0%, except among patients with thyroid or parathyroid hyperplasia (4.2%) (13) . Reportedly, CTCs/ CTMs are not detectable using ISET in blood samples from healthy controls. These results indicate that: (i) ISET may give false-positive results in patients with thyroid or parathyroid adenomas; and (ii) ISET has high specificity for CTC/ CTM detection. Most published investigations have studied morphology and clinical relevance of ISET-isolated CTCs/ CTMs in the bloodstream of lung cancer patients (12, 19, 43, 57, 68, 72) . CTC/CTM detection in patients with NSCLC or liver cancer using ISET could be a useful aid to prognosis (12, 21, 43) . Only one study has shown poor correlation between ISET-isolated CTCs/CTMs and overall or progression-free survival in a small sample set (20) . In research that has used ISET methodology, the study of Hofman et al. had the largest patient sample, which included those with miscellaneous non-neoplastic diseases (152 cases), miscellaneous benign (38 cases) and malignant neoplasia (569 cases), and healthy volunteers (49 cases) (13) . Interestingly, they found that ISET-isolated CTCs/CTMs were not diagnostic for a histological subtype of the corresponding primary NSCLC (72); possibly because only poorly differentiated cells without any primary tumor features were able to cross the endothelial barrier into the bloodstream (23, 73) . The presence of these ISET-isolated CTCs/CTMs is not correlated with clinical or pathological variables (12, 42, 43, 72) , including pTNM staging and primary tumor histological subtype. Lelievre et al. (74) have used ISET methodology to assess the effect of laparoscopy versus laparotomy on CTC detection in an animal model of ovarian carcinogenesis, thus assessing the feasibility of ISET methodology to test animal blood, for the first time.
Applications in Clinical Practice for Prenatal Diagnosis
Invasive prenatal diagnosis may increase the risk of miscarriage (75), therefore, development of noninvasive or minimally invasive prenatal diagnosis tests is an important goal in obstetric practice (76) . Earlier work has focused on routine ultrasound screening for fetal anomalies (77) or identification of cell-free fetal DNA in the maternal circulation (78) . More recently, ISET has been shown to be a promising approach to prenatal diagnosis (79) (80) (81) (Figure 2 ). The authors' research group has carried out experiments in xenograft models and the partial results are presented in Figure 2 . Patterns of exfoliation and dissemination of CTCs/CTMs from primary tumors are unclear, because the half-life of circulating CTCs seems to be only 1.0-2.4 h (8), few tumor cells are released into the blood, and many CTCs rapidly undergo apoptosis (83) , especially in patients with early-stage cancer. For these patients, especially, we must improve ISET sensitivity.
Possibly, an ISET-based device could be designed using arteriovenous access in patients, to divert as much peripheral blood as possible from the artery, through the ISET device, and then back into the circulatory system via a vein, to offer a continuous blood analysis, which would both greatly increase sensitivity to CTCs/CTMs and directly reduce the number of CTCs/CTMs during the blood flow through the ISET device, thus decreasing the possibility of tumor recurrence and metastasis while retaining normal blood cells (Figure 3 ). The authors' research group is conducting feasibility studies in this area.
In conclusion, although many challenges remain, the most significant of which is more attention and intensive research in this area. The current status and future directions of ISET methodology are elaborated in this review. Finally, ISET methodology will provide new insights into the complex biology of CTCs/CTMs, with important implications for the clinical management of cancer patients.
